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ABSTRACT

The Cassini spac ccraft will be the first one to visit the
Saturni an system in nore than two decades after the unprecedented
{1ybys of Lthe Voyager spacecraft. in 1980 and 1981 . Different from
Voyager, the Cassini spacecraft will carry a probe, provided by the
huropcan Space Agency, that. will be released into the Titan atmo-
sphere relaying science data to the orbiter. The orbiter will store
the probe data and wil 1 transmit it back to Farth at a later time.
Another major difference from Voyager, in terms of its science re-
turn, is that Cassini will investigate Saturn, it_s rings, satel-
lites, and magnet osphere for four years.

The Cassini mission is scheduled for launch in Cctober 1997
using +the Titan 1V/Centaur with wupgraded Solid Rocket Motors
(SKRMU) . 7The launch will bhe from the Kennedy Space Center (KSC)
 aunch compl ex 40 or 41 . 7he spacecraft wll be injected jnitially
into the inner solar system after the Centaur upper stage ¢ om-
pletes it_s second burn which |l asts approximately eight, minutes.
Following t-his burn, the spacecraft, and i-he upper stage take dif-
ferent pat hs since the Jater dinitiates the Collision and
Cent.am | ”lat_ic)n Avoidance Maneuver (CCAM) to avoid impacting either
Venus or the spacecraft. About. 3 to 4 weeks after launch, the
spacecraft performs its first Trajectory Correction Maneuver ('JOY
Lo correct for injection dispersions. Because the |aunch vehicle
cannot provide enough energy to fly a direct trajectory to Sat-u]-n,
Cassini will fly a Venus-Venus- Farth-Jupi ter Gravity Assist
(VVFEJIGA) Lrajectory to increase the encrgy of the trajectory. The
spacecraft Wi 1 1 be Sun pointed whileit flies within one AU allow-
ing the High Gain Antenna (HGA) to shade the rest of the space-
craft . During this time, communication Wth karth will be achieved
using the low Gain Antennas (1.GAs) .

INTERFIANETARY TRAIRCTORY

The data provided for the following description of the tra -
jectory sequence of events apply only t-o the re ference traject ory
which I S considered Lo be the Ltrajecl ory for the opening of the
nominal launch period. A table of mission events is presented in
Table 1. The comple te int erplanetary tra jectory is illust rat. cd in
FFig ure 1, and the inner solar system trajector Yy in Figure 2. If
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considering a traject ory .
ad jus tment s wi 1 1 have to be made to i nf ormati on such as dates, al-

other than the reference traject ory, some

titudes, and mancuver magnitud es, clc¢.

Table 1. Mission Event s

Days

Start Dbatl e f]- om
Launch

Mission Events Comment s

launch 6-0ct-97 0 C3 = 18.1 km2/s2
APHELI ON ] - Nov-97 26  Sun range = 1.02 AU
DSM 1 6-Mar-98 162  Av = O m/s; AV>0 for
launch dates aft er 10/25 /97
PERIHF1LION 23-Mar- 98 169 Sun range = 0.68 AU
venus flyby 21 -Apr-98 198  Altitude = 300 km
Velocity = 11 .8 km/s
HGA ‘21 -Nov- 98 417  On when Sun-s/c-Farth
angle < 30° at. 1.5 AU
DSM 2- Dec 98 423 AV = 466 nis
APHELT ON 4-hec-98 424 Sun range = 1 .58 AU
I1.GA 3-Feb- 99 485 Thermal constraints
restrict HGA usage
Venus F1 yby 20- Jun- 99 622 AlLit. ude = 2207 km
Velocity =- 13.0 knm's
PRI HE1LI ON 27-Jun - 99 629 Sun range = 0.72 AU
Kart hr-'] yby 1 6- Aug-99 680 Altitude = 517,
Velocity = 19.1 knis
HGA 2-Sep- 99 696 On permanently
Conjunciion 13- May- 00 950
.Opposit ion 78-Nov- 00 1149  Gavity Wave Opport unit. y
Jupit er flyby 30-Dec-00 1181 Altitude = 141 Rj;
Velocity = 11 .5 knl's
.Co njunction 7~ Jun- 01 1340
.Opposi ti on 1 6- De ¢- 01 1532 Gavity Wave Experinment -
opportunity 4 20 days
Conjunction 21-3Jun-02 1719
.Opposi t.i on 27-Dec-02 1908  Gravity Wave Experiment -
opportunit y 4 20 days
.Conj unct ion - Jul -03 2094
SCl k NCE ON 25- De ¢- 03 2, -1 Science turn-on 6 mont hs
be fore arrival
.Opposi L1 on 4~Jan-04 2281 Gravity Wave Fxperiment -
opportunity 4 20 days
sol 25- Jun-04 2454 AV =625 m's
.Co njunction 8-Jul -04 2467
PRM 10-Sep-04 2531 AV = 326 n's
Probe Separation 6~ Nov- 04 2588
O1M 8- Nov- 04 2580 Av:= 57 nis
bProbe kntry 2-/- Nov- 04 2609
Titan 1 11 yby 27- Nov - 04 2609  Alt itude = 1500 km
Velocity = 5.9 knl's
FOM 25- Jun-08 3915 Fnd of 4-year tour

N



The perihelionof theinitial orb _ is 0 . 68 AU and is the
c¢) oscesl the space craft f 1 idies Lo the sun. This perihel i on occurs on
March 23, 1998. 7The fi 1 st Venus encounter wi 11 be on Apri 1 21, 1998,
198 clays after 1 aunch . The Venus {1 yby trajectory i s shown in i g-
ure . 3 The spacecrafi (8/C) wi 11 approach Venus from the Sun
direction. Cl osestl approach occurs i n the Sun occult ation zone
whichwil 11 ast about 1 6 minut es. At closest approach, t he al 13 tude
wi 11 be 300 km which is the mini mum al 1 owed altitude, and the
velocit y relat ive to Venus willbe 11 .8 kill/S. Target ing accuracy
wil Jbe inproved using two ‘1 CMs, 60 and 20 days be fore cl osest.
approach, and a ¢l ean- up man ecuver 20 days aft er the flyby.

A Yew days bef ore aphel i on of the second orbhit, a det ermin-
i sl i ¢ mancuver or beep Space Mancuver (DSM) wi 11 be performed to
reduce perihelion and set the traject ory for the second Venus
f1yby, %he magni tude of thi s mancuver ranges from 350 n/s Lo 470
m/s dependi ng on the launch energy and the launch date. This
mancuver dcc~-eases through the enti re 1 aunch period.

The second Venus 11 yby wi 11 occur on June 20, 1999, 424 days
after t he f i rst. Venus encounter. The Venus-2 f 1 yby trajectory i s
shown i n Figure 4. Venus wi 11 be approached from the ant i -Sun di -
rect i on. At cl osest approach, the altitude will be 2207 km and the
ve] ocity relative to Venus wi 11 be 13 km's . Targeti ng mancuvers
will take place 60 and 2.0 days bef ore closest approach, and a ma-
ncuver 10 days after the f 1 yby . Thi s maneuver includes the neces-
sary karth avoidance bias . Perihel ion of the second orbit occurs a
week after the second Venus f] yby on June 27, 1999 at a distance of
0. 72 AU from the Sun.

The geometry Of the VWEJIGA trajectory IS very unique Since it.
provides the opportunity of a double flyby, Venus -2/¥ arth. The
Barth flyby will occur 56 days from the Venus-2 flyby on August_
16, 1999. 7The karth flyby traject ory is shown in Figure 5. The
Karth will be approached from the Sun direction, The altit ude at.
cl osest app]-each wi 11 be 517 km and the Earth-relative velocity
Wil be 19.1 km Trajectory correction mancuvers Will take place 30
and 1 0 days before closest approach, and a ¢l can-up mancuver 20
days after the flyby,

The Jupiter flyby wll o cc ur on December 30, 2000 with an
alt it vde of 1 41 Jupit er radii (30.1 mllion km, and a velocity
relat dve to Jupit er of 11 .6 km/s. The flyby altitude is dictated by
gr avit y-assist. consideratl ions. lower Jupiter flyby altitudes would
result in substantial Delta-velocity (AV) penalties. TCMs Will be
performed 80 and 20 days p]-it)]- 1o the flyby for- targeting purposes,
and 70 days aft er the f] yby to correct_ for navigation errors . The
science performed by Cassini before the Saturn app~-each phase is
Jimited mainly to gravit ational wave scar ches during three succes -
sive oppositions begi nning December 2007 .

SATEILLITE TOUR
Saturn orbit insert ion (S01 ) o ccurs June 25, 2004, " 6.7 ycars af -
ter launch. This arrival date enables a dist ant Phoebe flyby 18



days becfore SO1 . The o1 bi t i nserti on mancuv. wil 1 place the
spacecrafl in an initial orbit wWith a periapsi s radius of 1.3

Satur n radii, whichis the close st the spacccraft getls o Saturn
through the entirc or bit al Ltour, a period of 152 days, and an in-
ainati on of 1 7° wi th respecl Lo Saturn ' s equatlor . The i ni tial or-

bi 1 i s designed to t.a~get the combi ned orbi ter/probe spacecrafi Lo
Ti tan wi th the proper appros c¢ch speced and accuracy. On November 6,
2004, approximate] y four months af ter SO1 , the Huygens 13t an probe
will be separated from the orbiter . Two days af ter secpar ati on, the
orbi ter performs the Orbit Defl ecti on Mancuver (ODM) to ensure t hat,
t he orbi ter wi 11 not. foll owt he probe 3into Titan 'S atmosphere and
t o est abl i sh the proper geomet ry for probe data rel ay. Probe entry
o ccurs at the first 731 tan encoun - on November 27, 2004

The or bital tour lasts 4 years and consists of 63 Saturn orbits
in various orientations, with orbjtal periods ranging from*‘/ to 152
days, and S at urn periapsi .S ranging from about 1 .3 to “/.6 Saturn
radii . Orbi tal inclinations with respect to Saturn's equator range
from 0° to /60, providing opportunit ies for ring imaging, magnet o-
spheri ¢ coverage, and radio (Farth), solar, and stellar occul ta-
tions of Sat urn, 7i tan, and the ring system, A Lot a] of 33 close
Titan flybys occur during the basecline tour; these are to bce used
for gravity assist. cent.rc)l of the Saturn orbits as wel 1 as for
73 tan science acquisition. *J" he spacecraft is also target ed for 4
close flybys of selected icy sat e¢llit es, and makes a total of 29
more disl ant satellite encount ers. Figure 6 shows all tour orbits
in a rot ati ng coordina te system in which the Sun direct ion is
fixed. The broad range of different orbit orientations allows de-
tailed survey of the nagnetosphere and atnosphere of Sat urn. Since
the Figure has been projected onto the Saturn equat orial plane, the
inclination of the orbits is not apparent. At this carly stage,
there are many fact ors which may eventual ly cause the tour profile
to diverge from the one presen ted here.

The baseline tour concludes in June, 2008, for a total mission
duration of 10. 7 years. Nothing in the design of the tour pre-
cludes an cxtended m sSion,

1, AUNCH PERIOD

The current nominal Jlaunch period of the primary Cassini
trajectory opens on October 6, 1997 and closes on October 30, 1997
providing a 2b-day launch period. A contingency |launch period might
be included depending on performance and spacecraft. considerations.
The opening of the nominal launch period is chosen to be the carli-
est launch date for which mi ssion performance requirement s are met
and the Farth f1 yby altitude is not. Jower than 500 km 1l.ower alti-
tudes than this will result in undesirable penalties in sat isfying
Farth swingby reguirements. The close of the nom nal |aunch period
i s duet o an opera Lional const raint inposed by the i ncrcasc i n nmag-
nitude of a requi red maneuver | n the launch- to-Venus leg of the
trajectory. This mancuver increcases inN magnitude at, a rate of about
2?3 m/s per day and it. rcaches a value of about 100 m's on Oct . 30,
1997. Saturn arrival dat ¢ is Constrained by launch vehicle and tra -
jectory performance. Moreover, the probe mi ssion nust be at | east.




15 days before, or 40 days after, a solar conjuction. Saturn
arrival is also constraincd by the interval in which the probe
mission is prohibited. This maps back to an interval in which 801
is forbidden.

M1SSION PERFORMANCE

Mi ssion performance i S mecasured in terms of ¥nd Of Mi ssi on
(KOM) bi propel 1 ant AV, defi ned as the amunt. of bipropel 1 ant, AV
capabi 1 ity after compl et i on of {he four year satel 1 ite tour. Figure
7 shows the injection real-gin and ¥OM AV as a funct ion of launch
dat ¢ . For 1 aunch dates from Qtt.obe] 6 to Oct ober 24, @ 1 ocal opt i -
mim tra jectory exi st S . For launch dates begi nning on Ot 25, the
[ ocal optimum traject ory does not. exist, any longer. 7The trajecto-
ries shown for these later launch dates are for a fixed C3
(inject don energy per unit mass) of 17 km?/sec? . As a result,
these! trajectories are not optima] trajectories. A very detailed
anal ysis of the launch /arrival space is being conducted to iden-
tify the best, performing trajectory to fly for the different |aunch
dates through the launch period. A nore complete descrivtion of
this study can be obtained from the " Ccass 1N1 1 997 VVEJGA Trajectory
haunch/ Arrival Space Aria] ysi s".

Table 2 shows the mass summary for the primary mission with a
Jaunch date Oct. 6, 1997. 7Table 3 shows a propellant consunption
profile throughout, the mssion for a launch date Cct. 6, 1997 and a
Cz of 18.1 km?/s?. A samplc FOM AV is also illustrated in table3.
Cassini 's 3132 kg of total propellant is used for deterministic and
statistical (navigation) maneuvers, att itude control, lincclearing
maneuvers, and sci ence turns . 7PTCM's are ecither deterministic or
st alistical, and occur during both the interplanct ary and satellite
tour phases of the mission. The propellant consunption was comput ed
from the rocket equat ion.

Sk CONDARY AND BACKUP TRAJECTORIKS

To recover from posible launch delays arising from unavoid-
able schedul e slips, t_he Cassini project has selected a set of sec-
ondary and backup mission opportunities, shown in Table 4 . These
trajectorics all nmake use of the Venus —-karth -kart h Gravity Assist
(VEFGA) concept . Secondary missions are allowed to have a |aunch
date less than six months after the primary nission. 7These missions
protect against. launch slips that occur after hardware deli very,
and can be diagnosed anti fixed within a short time. Science return
can be degraded s] ightly in light of the? competing pressure to
launch the space craft if a problem delaying t_he primary missjon is
identi fied and solved. Backup missions are requi red to be |aunched
at least six months aft er the primary mission opport unity, and to
have the same SCience ret urn profile as the prima |-y mssion. Backup
mssions are kept in the mission sct Lo prot ect against launch
slip s from programmatic or technical issues tha - cause a |long
Jaunch del ay.

The current mission sel cc)nt.sins two secconda ry mission
opporiuni ti es, launching in Deccembe - of 1 99°/ anti March of 1998,



Figures 8 and 9. The fi rst of these mi ssions launches on a VEEGA
Decenber 97 trajectory, arriving at Saturn in October of 2006. 7The
t raject ory performance I s sufficient in t-his casc to allow no

degradation to the science return. That i s, the mi ssi on contains a
full 4- year tour with 35 731 an 11 ybys. Thesigni ficant difference
between thi s mi ssion and the primal-y i s a longer i nterpl anet ary

cruise time, al though the ring ori ent ati on wi th respec t Lo the sun
degrades over time . The crui s-e i S two years longer aft er a [aunch
delay of only 3 nonths. 7The other secondary mi ssi 0N, an k VERGA
March 98 trajectory (Figure 10) , i s 1 aunched onto a one- year Farth
ret urn orbi t. whi c¢h phases into the backup VEEGA March 99
trajectory. This backup vkkGA Trajectory can al so be attained by
| aunchi ng the spacecraft. in March of 1999, towards Venus. Both the
March 1998 kvEEGA and the March 1999 VEKGA trajectory, arrive at
Saturn in December of 2008.

The secondary and the backup trajectories have enough AV per-
formance to carry oult the mission with no degradation. However, the
longer cruise times cause a change in the power available due to
the degradation of the Radioi sotope Thermoclectric Generator (}{l'Q
power source . The avail able power level for the worst, secondary
mssion at. Saturn arrival i S roughly equal to that avai lable for
the primary mission at oM (S01 -1 four years) , 7his result s in
fewer inst. ruments being allowed to operate at a given time, or |ess
engi neering support. to a suite of instruments.

Table 2. Cassini Mission Mass Summary 1 for SRMUJ performance.

Dry Spacecraft (Or biter) Allocation 2150
Probe Interface Hardware Allocation 46
Probe All ocation 306
Ripropellant (const ant, |oad through |aunch period) 3000

Holdup and Residuals = 81 kg
Required for AV = 2829 kg (14, = 308s)
Margin = 90 kg

Hydrazi ne 132
Attitude and Articulation Cent,]-0] System (AACS) 46 kg
Required for AV = 52 kg (Is,: 215s)

Margin = 34 kg

Total Wet. Spacecrafti {(including probe) 5634
launch Vehicle Adapter Allocation 190
Total Injected Mass 5824
Tit an |V (SRMU) /Cent aur Capability 6234
Inject ion Margin 410

"openning of launch peri od on oct. 6, 199”/.

2 Based upon NASA lewis Rescarch Center (1cre) performance quotation
for cassin i (Nov. 37, 1992) for @ C3 or 18.1 km?/s?. Includes 262 kg
with var iable launch azimuth, mi ssionpecul iar hydra zine bu rn-of{ of
18 kg, and 181 kg 1eRC manager 's reserve. Performance based on a
di spersed FMH constrain_ 400 vru/ft?/hr




Tablco

3. Propecellant Consumption Profile

AV 1 sp Initial belta
Mass Mass
- (ms) —(See) (Kg) (_kg)

Adapt cr drop 5824 190
bsM 1 0 308 5634
DSM 2 466 308 5634 805
1 /P NAV 7TCM
Bipropel lant 191 308 4829 296
Pr ¢-S01 AACS drop 4533 3]
sol 548 308 4502 -14-1
Sol Delay A
Gravit y loss 76 308 3755 94
PRM 326 308 3661 3“/5
First Orbit. 7TCM
Bi propel 1 ant 38 308 3287 41
Probe! Release (PR) 3245 306
ODM 57 308 ?7.939 55
Deterministic
Tour Riprop. 200 308 2884 185
Tour NAV 7TCM
Bi propel lant 2711 308 2699 232
Tour NAV 1TCM
Hydrazine 43 215 2468 50
Post-~S01 AACS drop — — 2418 15

TOTALS 2217 3422
FOM Bipropel lant/Hydraz i ne AV Margi n (m/s) : 115731
g'eta] Us ablc Bipropel1l ant requi red for nomi nal (Kg) 2829
Total Usable Bipropel lanlt left al EOM (Kg) 90
Total M ssi on Bi propel 1 ant 3000
~eta] Usable Hydrazi ne recqui red for nom nal  (Kg) 96
Total Usable Hydrazi ne left at KOM (Kg) 34
Tots] m ssion Hydraz ine (Kg) 132



‘1’ able 4 Secondary and Backup 7 'rajecl ories

Classification
Trajectory Type
liaunch Period
Arrival Date
Crui se Dburation
(ycars)

Satellite ‘|’ our
(years)

Secondary
Vi KGA
12/5/9"/ -12/22/9"]
10/ 13/ 2006
8.8
4

Secondary/ Backup
EVEFRGA/VEEGA
3/?.0/98 - 4/6/98
3/19/99 - 4/5/99
12/22/2008
10,8/9.8

4
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Venus 2 Flyby

Date: 20 JUN 1999
Flyby Speed: 13.0 Km/s
Altitude: 2207 Km.
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Earth Flyby

Date: 16 AUG 1999
Flyby Speed: 19.1 Km/s
Altitude: 517 Km.

» CASSINI @ Closest
Approach

S/C Trajectory

Fig. 5 wveaGn - EARTH Flyby, Trajectory North Pole View




Fig 6. VVEJGA, 92-01 Orbital Tour
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